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\l)stracl We present extensive results of Reverse Monte Carlo (RMC) simulation of the static structural propcitics of liquid selenium fiom 
7^3K to I773K based on the diffraction data of Inui el al (J. Non Cryst Solids 250-252. 319 (1999)) In nil cases, the positions of 30(K) atoms in a 
Iiwilujuiaiion box were altered until the lesulting static structure factoi S{(/) was in agreement with the experimental one From the simulations, we 
uui able to extract information on the temperature dependence of the pair distribution function ,v(r), bond angle correlation /McosO) and cooidination 
iiumbei distribution P(N). From our calculations, we deduce that with increase in tenipeiature, there is a decicase in the fraction of two fold 
oordiiKited atoms indicative o f a destruction of the chain like structure of Sc Furthermore, oui results indicate that the transition from a 
cmiconducting to a metallic state with increasing temperature is accompanied by structural changes
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I l’\( S Nos, 61 20-Gy. 61.20 Ja
1. Introduction
At uK>m temperature and pressure, selenium is a semiconductor. 
At higher temperatures, the decrease o f density brings about a 
semiconductor to metal (SC-M) transition [ 1 ] instead o f a metal 
to non-metal one. This result is quite interesting in the sense 
ihat It IS m contradiction  to estab lish ed  understanding. 
Experimental results [1,2] indicate that the semiconductor to 
fiietal transition occurs at a temperature ss 1500K and atomic 
density = 0.025 which is a temperature significantly lower 
fhan that at the critical point {T^ = 1892 K, P . = 383 bar P. = 
0141 [3]. A great deal o f experiment using X-ray diffraction,
-^ray absorption fine structure (XAFS) and the extended X- ray 
absorption fine structure (EXAFS) [ 1 -3] has been performed on 
'^^ panded Se. In addition, theoretical efforts using a h-in it io  
'^ ^^ niputer simulation [4-9] and tight binding models f 10-12J have 
utilized to explain the nature o f the SC-M transition.
With regards to the physical structure o f  crystalline Se, it is 
^^ 11 known that this arises as a result o f  the Peierls distortion of
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a simple cubic structure [ 13]. It has a trigonal structure consisting 
of hexagonal arrays o f helical chains of atoms that arc 2-fold 
coordinated. It is classified as a semiconductor because the 
distortion opens up a gap in the density o f states (DOS) at the 
Fermi level. With increase in pressure, the Peierls distortion 
reduces the gap in its DOS as a result o f an increase in the 
number of first nearest neighbours. In addition, it is well known 
that the SC-M transition is characterized by a decrease in the 
electrical resistivity with volume expansion and moreover, that 
the metallic stale appears when the average chain length 
becomes very short. A useful inference that can be drawn from 
this is that the transition can be conelated with a distortion o f  
the chain structure [14].
Despite the wealth o f information that has been obtained 
from the various kinds a b ’-initio  and other studies, it is still 
obvious that the microscopic mechanism for the ob.served SC- 
M transition is not yet fully understood. Arising from this, one 
is o f  the view that a study covering all temperatures and 
pressures at which structural information exists, could yield 
some useful insight into the nature o f the SC-M transition. This 
follows from the fact that the Reverse Monte Carlo (RMC) model
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would be expected to g ive a detailed insight to the atomic 
structure that would be compatible with the available diffraction 
data. This is rather hard within the framework o f  molecular 
d ynam ics because o f  the d ifficu lty  o f  obtain ing reliab le  
in teratom ic p oten tia ls spanning such varying ranges o f  
temperature and pressure.
We therefore, propose in the current paper to model the 
static structure factor S (q )  o f vSe using the RMC model. For the 
presen t ca lcu la tio n s , all w e need as input data are the  
experimental structure factors obtained from diffraction data and 
from that we can build up a 3-dimensional model o f  the structure 
that agrees quantitatively with the diffraction data. Since the 
mcxlel is fitted to the data, there must be good agreem ent, unless 
the data contains significant system atic errors.
Inui e t  a l  f l ]  have recently performed X- ray diffraction 
measurements on the structure factor o f  Se at 9 temperatures 
and pressures from 573 to 1773K using synchrotron radiation. 
Just as has been done for other expanded system s such as Hg 
and Cs [15, 161, we propose in the current paper, to use the 
RM C model to obtain more information about the structural 
properties o f  Sc than can be obtained from pure structural 
measurements.
Thus, from our current sim ulations, w e intend to obtain 
information such as the coordination number (N ^), distribution, 
the bond angle distribution and also the ring distribution. All 
these are expected to compliment the information obtained from 
the experimental structural investigation.
We note that som e work have already been done trying to 
develop structural m odels for Se using the RMC model f 17,18) 
at two temperatures and we intend to ct)mpare our more detailed 
results with them. The structure o f  the current paper is as follows: 
in the next section, w e g ive a brief description o f  the RMC  
m odel, followed by a presentation o f  our results and its analysis 
for selenium. We conclude the paper with a summary o f our 
important deductions.
2. RMC modelling
Reverse M onte Carlo (RMC) m odelling is a technique that was 
developed [2 0 ,2 1 J to allow detailed information on liquid and 
am orphous materials to be obtained from diffraction data. 
Basically, this is done by m inim izing the difference between  
experimental and calculated structure factors rather than energy 
as is the case in Metropolis Monte Carlo analysis. One important 
advantage o f  this is that one d oes not need interatom ic 
p oten tia ls. C onsiderin g  the d iffic u lty  o f  ob tain in g them  
especially for the present case o f  varying temperature, pressure 
and density, it is quite ob vious that it is a very important 
advantage. With the technique o f  RM C, the positions o f  atoms 
in a configuration obeying specific boundary conditions are 
varied until the agreement with the experimental data does not
improve further. The RMC algorithm could be described b\ ihe 
four steps :
(1)
(ii)
(iii)
(iv)
Define a cubic box with an initial configuraijon win 
is a three - dimensional array o f  N atoms in a c ube 
side L, such that the experimental numbei dcrisit\ 
given by N / l ? .  The initial configuration m .uidin,, 
represents atomic positions with periodic boundai 
co n d itio n s . Id ea lly , on e is exp ected  to use ih 
m icroscopic atomic density which is,howcvei, olte 
not available and has to be estimated. Compaiv ih 
calculated structure factor from this configuration wii 
the experimental value using
X  ~   ^ ,i
j
w here ) is the exp erim en ta lly  measuir
structure factor, the model one and rr l^
measure o f  the experimental ciTor.
M ove an atom at random and compute a new \uiiu ( 
and thus a new > let us call this X '
i f  Z ' ^  <  » m ove is accepted. On the othci liarui
Z '^  >  Z "   ^ the m ove is accepted with piobabihi
exp|~(jj;"" -* otherwise it is rejected
Repeat from step (ii).
These steps are repeated until X '  sufficiently small an 
osc illa tes around an equilibrium  value. At this poini ih. 
configuration for which agrees with ) wkIm
the limits o f experimental error, can be evaluated.
In the present calculations, to simulate the structuic ot Si 
w e start with an initial configuration o f  5000 atoms anani:c 
randomly but allowed to m ove at a minimum distance apai 
corresponding to the ckxsest approach o f two atomic centre 
The m odelling was done using the structure factors oblainc 
from X - ray diffraction studies o f  Inui ef a l  [1 ]. Table I shoA 
the relevant temperatures and densities used in the preset
Table 1. Table of densities used in the current simlualions (U
T(K ) P (g/cm') p(A-’) P (bar)
573 3 .00 02974 10
873 3 .69 .02814 196
1073 3 .52 .02684 802
1273 3 .36 .02562 818
1373 3 .2 9 .02509 823
1473 3.25 .02478 828
1573 3.21 .02448 833
1673 3 .1 6 .02410 838
1773 3.11 .02371 843
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calculation and are taken from [1J. An initial RM C modelling of 
the data was done using the experim ental data, however at 
temperatures o f 1573K and higher, the shape o f  the resulting 
pail distribution function g { r )  was strange in the sense that it 
produced som e unphysical spikes in the low /* region. This 
appears to be due to som e small errors in the d ata , and probably 
arises as a result o f  a non-constant background possibly from 
the saphire cell used to deduce the structure factor o f  liquid Se. 
Ii IS quite possible that this effect is more pronounced at high 
(cmperatures.
In order to reduce the effects o f  the possible errors, we have 
used a simple modification o f  the formal reverse Monte Carlo 
routine. Essentially, what we did was to determine ^ »(r) using the 
pioyram MC^GR 119) with the constraint that g {r )  = 0  for /■ < 2.0  
A The constraint makes it possible to refine possible errors 
jroin a non-constant background used  in evaluating the 
experimental data. The difference is not that significant as is 
shown in Figure I . We then used the RMC to fit the S{q )  derived 
b\ using MCGR , rather than those obtained from the original 
data The difference between the two sets o f  data (experimental 
and M(^GR derived) are quite small. The procedure we adopted 
here, however, enables us to rem ove the occurrence ot the 
unphysical behaviour o f g(r) at higher temperatures and possibly 
must of the modulations. We are o f  the opinion that whatever 
cimis are not removed by these schem e would not affect our 
amcliisions m any significant way.
Figure 1. Structure factor for Sc at 137.^K 
''ymbols (experimental data [IJ).
full curve (MCGR fit),
In the present sim ulations, we fo llow  the philostiphy in Ret. 
118] which indicates that there is no experimental or theoretical 
evidence to suggest a very specific structure for selenium. Thus 
*n all cases, we used a starting configuration in which the atoms 
are placed at random positions in the simulation box and then 
iiiove them until the constraint on closest distance o f approach 
satisfied. In this way, we are able to generate a model which 
not biased towards a structure with any specific features. In 
all cases, we used a very small value o f  cr = 0.002 in order to get 
a very good fit to the experimental data,
By a close analysis o f  the modelled g { r ) , we discovered that 
a slightly larger distance o f  closest approach was essential up
to about 873 K. This was in contrast to the higher temperatures 
where it appears as if the constituent atoms involved in the 
simulation, have enough energy to approach each other more 
closely. Thus arising from the above, in the simulations, the 
random atomic moves were limited by a cut-off distance o f 2.1 A  
at tem peratures o f  573 and 873K  and 2.0  A  at higher 
temperatures.
In all ca.scs, the RMC was run until there was convergence. 
In this context, the convergence is achieved when the value o f
remains virtually unchanged. In each case, we can determine 
Irom the final configuration, the static structure factor S(q) ,  pan- 
distribution function g {r ) .  bond angle correlation /?(cos 0) and 
coordination number drstribution P(N ).  An analysis o f these 
quantities makes it ptissible to obtain mine informatiiin on the 
nature o f expanded selenium than what is obtainable from 
experimental measurements ( f^ the static structure.
'3. Results and analysis
We now try to present and analyze the results obtained from the 
RMC simulation o f selenium at the temperatures given in Ref 
[ 1 j. Figure 2 shows the fits to the X - lay diffraction data for S{q)  
at all temperatures. From a perusal o f the graphs, it is quite 
obvious that the RMC fits agree very well with the experimental 
values across the whole temperature scale, 'fhis is obvious from 
the fact that at almost all temperatures, it is im possible to 
distinguish between the solid line and the line with symbols in 
the In all cases, we end up with a situation in which the 
goodnc.ss-of-fit indicator for the structure factor was about 
2 % .  From this, we can infer that our resulting RM(" configurations 
can be used with confidence to discuss the nature ol the short 
and medium range order m liquid selenium.
O'
in
Figure 2. Temperature variation of S{q) with q {hr') (symbols) - RMC. 
(full line) experimental values [IJ The structure factors are for 573K 
(lowest) to 1773K (uppermost).
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The pair distribution functions ,^(r) as derived from RMC 
sim ulation are shown in Figure 3 and com pared with the 
experimental values obtained by a Fourier transform o \ S { q ) .  As 
is to be expected, the position o f  the 1st peak in^i?(r)(=: 2.3 A )  is 
to a large extent invariant with temperature, while that o f the 
first minimum m oves perceptably with temperature by almost
0 .2  A  from the low est to the h ighest tem perature under 
consideration. The lack o f  a significant change in the peak 
position  indicates that the nature o f  the bonding remains 
unchanged w ith in crease in tem perature. R egarding the 
structure o f  g(/*), the general effect o f an increase in temperature 
in decreasing the height o f  the first peak and reducing the depth 
o f  the first minimum, is reproduced by our calculations.
r(A)
Figure 3. Temperature variation of with r (A) Symbols are ^{r) 
obtained from Fourier transform of experimental s{q) while solid lines are 
results obtained from RMC
E ssentially, the latter im plies a disruption in the chain 
structure o f  Se at higher temperatures. We take the view that the 
sharpness o f  the first peak o f  in Se is due to the presence o f
the chain like structure. Interestingly  en ou gh , the RMC  
simulation indicates that the first peak o f g { r )  is sharp even at 
the highest temperature, this is the evidence o f  the existence o f  
a chain like structure even at those high temperatures. By 
interpolation, one would thus expect that the chain-like structure 
would persist in the metallic state.
A comparison o f the g(r), experimental and theoretical, shows 
that the fit gets worse in comparison with experiment at high 
temperatures. Nevertheless, the quality o f  the computed g { r )  is 
quite comparable to that obtained from tight binding calculations
[12] which is currently one o f  the best techniques for treating 
semiconductors from a theoretical point o f view. In addition, we 
note that the quality o f  the result for g ( r )  at 573K  is quite 
comparable to that obtained from previous simulations at such 
temperatures [ 18]. An inference that can be drawn from here is 
probably that the agreement between RMC generated and fourier 
transform g ( r )  gets w orse with increasing temperature. We 
observe that w e could obtain a better fit for ^ (r) by im posing the 
condition that the RMC reproduces both the S{q )  and the g ( r )
as was done in [19]. H owever, we observe that this iisuiH,^  
results in poorer agreem ent with experimental S(q) whKh 
happens to be the only experimental data available to us
An additional point that can be made about the g [ t )  is ih 
at 573 K, the first minimum is almost zero and with increasin g 
temperature, the value increases to a value quite close lu those 
for metallic system s. The first minimum can be considered as i 
measure o f  how much the chain structure is disrupted. At the 
lowest temperature, it is expected to consist o f  -  10*’ atoms and 
with increasing temperature, this chain gets disrupted when ilx> 
number o f  atoms is expected to be o f  the order o f 1 0 1221
In the current context, wc define a chain as a series of 2 ln!d 
coordinated atoms terminated at both ends by undcr-or i)\n 
coordinated atoms.
In order to have som e kind o f  visualization o f the structural 
change in the SC-M  transition, we try to investigate the vai uii. >n 
in the coordination number with temperature. One notes thai 
there are various ways o f  defining depending on the cm ou 
distance which is used to define what constitutes a neiphhoui 
In the present calculation, for the determination o f the ncaicst 
neighbour distance and the bond-angle distribution, we ddme 
the nearest neighbours o f  an atom as those at a distance lc^  ^
than a certain value from the reference atom. For this disiaiK t 
we have taken a value corresponding to the value o f the posiimn 
o f the first minimum m g{r) .
The average coordination number at each tempcimiiic 
was then obtained from the calculated atomic configurations h\
integrating 4n p  r ^ p g ( r ) .  where p  is the number densil) 
the atoms and is the position o f  the first minimum in g if )  The 
temperature variation is indicated in Table 2. It is quite obvious 
that the average coordination number remains close to two m 
the sem icon d u ctin g  region  and increases gradually 
temperature even in the region o f  the SC-M transition. Finallv. 
one observes that it is a little greater than 2 in the metallu. 
region. It is also observable that the coordination number is the 
highest at 15 7 3 K , a temperature close to the transition, though
Table 2. The temperature variation o f the coordination numbei \  
obtained from RMC simulation.
T (K ) N,.
573 1.95
873 2 .14
1073 2.12
1273 2.15
1373 2 .23
1473 2.35
1573 2 49
1673 2 .24
1773 2 .40
4. Chain statistics foi Sc. The fust columm rctcis to the numlx'i ot
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do not attach much sign ificance to this. The temperature 
variation o f is partially related to the change in the position 
ol ihc first minimum in g (r ) ,  this is found to increase from 2.80 A 
,n the semiconducting to 3 .0  A in the m etallic state.
Next we deduce som e information from the variation o f the 
nearest neighbour number distribution with temperature Table 
T Several useful deductions can be made from this.
Tabic 3. Coordination number distribution for the temperatures of interest 
The first columm refers to the coordination number shell The other 
mimbcrN arc in pcrccnUges.
TiK) 373
0 
1
873 1073 1273 1373 1473 1573 1673 1773
6 14 5 .52  6 .2 4  6 62 7 .0 6  5 .9 0  5 74 7 .56  6 52
?S 66 23 42 23 90 24 08 23 58 21 .0 6  18 54 23 50 20 20
2 40 84 35 58 34 88 32 90 30 34 29 .36  28 48 29 10 28 96
 ^ 22 18 24.96 23 .90  23 76 23 .08  25 74 24 .94 23.00 24.08
4 4 82 8 72 9 .22  9 ,7 6  1 1 4 4  12 48 15.18 1 1 9 8  13 38
5 0 36 2 .60  I 68 2 .48  3 26 4 56 5 26 3 80 5 42
6 0 00 0 28 0 18 0 ,3 6  1 0 2  0 .7 2  1 4 8  0 88 1 0 6
/ 0 00 0 02 0 00  0 04 0 20 0 .1 6  0 34 0 18 0 32
8 0 00 0 .00  0 00  0 .0 0  0 02 0 .0 2  0 .04  0 00 0 04
Firstly, one observes with regards to specific asperr* o f the 
calculations, that at all temperatures, the majority o f  the atoms 
arc 2-fold coordinated. As the temperature increases, there is an 
increased tendency for the atoms to be under < I) or over 
( V > 2) coordinated, with som e o f  the atoms being 8-fold 
coordinated at the highest temperature. This is in contrast with 
the siiuation at the initial temperature where most o f  the atoms 
are a maximum o f  5-fold  coordinated. The observed, gradual 
reduction in the fraction o f  2 -fo ld  coordinated atoms with 
increasing temperature looks indicative o f  a destruction in the 
chain-like structure that is expected to be predominant at low  
temperatures-
It IS fairly obvious that there is an increased tendency for 
atoms to move away from the slate with a coordination number 
9l 2 as the temperature increases. We however, observed that 
even with this drift, the average coordination number is still less 
ihan 3, unlike the situation in Te in which the coordination 
number changes from 2 to 3 as temperature increases [1].
The results obtained by doing a chain statistics o f  the RMC 
^blamed configurations is reported in Table 4. As previously 
'‘tilled, one expects that c lose  to the m elting point, the chains 
'•bould involve about 10^ atoms, however, in accord with recent 
* «^lecular dynamics and tight binding calculations [10,23] which 
'‘^ ggest that the chains are sh ort, w e found between 2.9 and 2.5 
b^ nds per chain in our current RM C model o f  Se.
Based on the fact that the calculations indicate a preference
2-fold coordination, w e also performed an analysis o f  the 
'^^ g“ like structure o f  selenium . For the purpose o f the current 
'^^Iculations, we shall consider as a ring, any shortest closed
bonds per chain and all other numbers arc III pcieeniagcs
T(K)1 573 873 1073 12 73 1373 1473 1573 1673 1773
2 51 16 58 33 54.91 59 22 57 23 62.05 59 13 65 45 62 84
3 25 58 21 43 26 59 25 70 27 17 22 89 27 83 22 51 20 95
4 13 02 12 .50 10.98 9 50 1 i .56 10 24 6 96 8 38 8 i 1
5 5 58 5 95 6 36 .3 35 2 89 3 61 5 22 1 57 5 41
6 I 86 1 19 1 16 0 56 I 16 0.60 0 87 2 09 1 35
7 0 47 0 60 0 00 0 56 0 00 0 60 0 00 0 00 1 35
8 0 93 0 00 0 00 I 12 0 00 0 00 0 00 0 00 0 00
9 0 93 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00
10 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00
1 1 0 47 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00
path of btinds connecting a Sc attim with its ncigbours. Because 
ot the large number o f atoms u.sed m our calculations and thus 
the large size o f  the simulation box, we are able ti> check the 
existence o f rings constituted o f upto 12 Se atoms. We note that 
the rings evolve naturally in the present calculations and arc 
not promoted by the program in any way
An analysis o f  the ring structure is presented as a table in 
order to make it easier to visualize the results, they are as 
presented m Tabic 5. A perusal o f the table indicates tliat apart 
from the trivial triangular 3 member ring arrangement, the 4 , 5  
and greater than 12 membered rings mostly occur in Sc. It is also 
observable that with an increase in temperature, the percentage 
o f  rings constituted  o f  m ore than 12 Sc atom s reduces 
significantly down to about half the value at the melting point. 
This IS the indication o f an increase in the metallic behaviour of  
Sc as the tem perature in crea ses. The geom etry  ot the 
configurations obtained does not , howevei, correspond to the 
SCy rings which are the building blocks o f  liquid and solid 
monocimic Se.
Table 5. Kin^ ': siaiistics for Sc in the pie.*icm RMC' simulation The first 
columm rders lo the luiinhcr of bonds pei ring while the other numbers 
ate in perecnlagcs
T(K) 573 873 1073 1273 1373 1473 1573 1673 1773
3 20 03 26 06 26 46 27 93 28.93 30 05 31 77 30 25 31 09
4 .3 43 7 44 7 1.3 8 62 1 1 35 1 1 34 13 15 1 1 7 ! 13 II
5 1 22 3 31 2 66 3 72 5 45 5 37 6 21 5 45 6 98
6 1.02 1.69 1 70 2.37 3 19 3.33 4.01 3 17 3 96
7 0.84 1.17 1.05 2.02 2.14 2.19 3.12 1.88 2.42
8 1 09 0.86 0 .87 1.37 1 68 1 36 I 72 1 40 1.85
9 1 06 0.82 0 79 1.01 I 17 1 18 I 1 I 0 95 1 .31
10 0.40 0 66 0.71 0 38 0 80 1.08 I.IO 0 85 1 15
1 1 0.23 0 71 0 50 0.35 0 .79 0.58 0 ,80 0 64 0.84
^ 12 70 58 57.27 58 14 52.22 44 52 43 52 37 02 43 70 37.28
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We note here th^t a significant difference between our RMC 
results and the previous ones [ 17,181 is that we have covered a 
larger tem perature fange w hich a llow s us to fo llo w  the 
temperature evolution o f  all the properties that were previously 
studied close to the m elting point. This enables us to draw 
som e more inferences on the static structural properties o f  Se at 
those temperatures.Tri addition, we have used more recent and 
expectedly better data on the static structural properties o f Se 
for the calculations.
Another important quantity that we analysed was the bond 
-  angle correlation fc(cos 0 ) . This is defined as the probability 
o f  two neighbours within /*j from a central atom forming an 
angle 0 with the central atom.
Figure 4 shows a plot o f /?(cos 6) for Se over the temperature 
range we have investigated. From a perusal o f  the figure, one 
observes at the lowest temperature o f  573 K, the existence o f  
two peaks, one at cos o  x, -0 .2 0 7  and the other at cos 0 - 0 . 5 .  
The area under the first peak is however much larger than that at 
the second peak. With increasing temperature, the first peak at 
COS0« - 0 .2 0 7  b road en s out and e v e n tu a lly  b eco m e s  
structureless at high temperatures while the one at cos 6 «  0.5
i .e .  {0 ~  60^ )^ is still observable.
b (cos 0)
-1 - 0 . 8 - 0  6 - 0 . 4 - 0  2  0  0 .2  0  4  0  6  0  8  1
cos 0
Figure 4. Bond angle distribution /?(cos (?) against cos 0 for Se.
The peak at cos 6 ^  0.5 Le 0  ^  60® is due to the existence o f  
a small number o f  equilateral triangles with Sc at each end o f  the 
triangle. One might feel that the occurrence o f  this 60® peak is 
indicative o f  triplets o f  Se hard spheres. A  relevant question 
here is whether the Se triplets with a bond angle o f  60*^  really 
exist naturally, particularly when one expects that most Sc atoms 
would be two-fold coordinated. However, the fact remains that 
the experimental data allow s a diversity o f  bond angles. One
notes that the RMC simulation always generates the struetui 
with the highest degree o f  disorder that a particular set ot dai 
allows. In addition, the presence o f  the Se triplets is essentiall- 
indicative 124J o f  a sharp peak in g { r )  as is observable ir 
Figure 3.
The peak at -  102® indicates a relatively large bond an<'k 
and is the evidence o f  a relatively open structure for Sc h 
addition, this value o f  the bond angle is quite close to that 
trigonal Se which is 103^  ^[8] and is the evidence o f the fan iha 
the short-range order in the liquid remains very similar to that it 
the solid. With regards to the increase and eventual blurt mi! n: 
the second peak in b  (cos $ )  with increasing temperature, thi^  
appears to indicate that there is a gradual change in the struetuK 
o f Sc with increasing temperature.
The increase in the average bond angle is partly due to ai 
increase in the bond angle for the two-fold C(X)rdinated aionv 
and partly to an increase o f  the fraction o f 3-fold axH-dmaicJ 
atoms for which the average bond angle is about 109 ’^
In addition, our RMC results indicate that there is a decrcav. 
in the num ber o f  branched ch a in s with an m cieasc n 
temperature, their small concentration at high iemperauii<> i' 
probably related to the increase in the percentage ot I aiiLl ' 
fold coordinated atoms at high temperatures.
From the above findings, we infer that with inucasino 
temperature, there is a decrease in density leading lo ilu 
observed increase in the position ol the first minimum m , 
Subsequently, slight increase o f  is affected by an expansu-i 
between and along the chains, subsequently many ol (he eham^  
are broken. It follow s that the observed metallic behavmui ai 
higher temperatures would now be caused by the existence 
an increased number o f  short-chains.
Regarding the three dimensional diagrams produced hum 
the resultant configuration files, we present in Figure 5 , ball 
and ‘stick' diagrams o f  them at som e temperatures. Here, tiec Sc 
atoms are shown as 'balls', while ‘sticks’ are bonds between Sc 
atoms that are within a distance o f  2.3 A  (the position o f the 
peak in g {r ) )  from each other. Some interesting features are visible 
from the figure.
At the initial temperature o f  573K , there is a relatively 
number o f  free atoms while one observes mostly simple bonds 
between Se atoms. We assume that this kind o f  configuration 
is indicative o f  a sem iconducting state.
With increasing temperature, the number o f unbonded atoms 
decreases significantly while m ost o f  them are bonded in som^* 
kind o f  chain like configuration and part o f  them appear lo 
made up o f  som e kind o f  broken chain configurations. One is ol 
the opinion  that the broken chain configuration is 
responsible for the more m etallic behaviour observed at 
higher temperatures. This can be inferred from the predominanc<?
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pt broken chains which appears m the configuration at a increasing temperature, the system tends to exhibit both types
of bonding while at higher temperatures, metallic bonds tend to
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Figure 5, Configuration of vSe obtained by RMC simulation for Sc at (a) 573K , (b) 1273K, (c) I573K and (d) I773K
At 1373K, which is close to the transition temperature, one 
tibserves the occurrence o f  broken chains which are visible as 
multiple bonds between atoms in addition to the normal linear 
<chain) bonds. At temperatures at about 1573K and higher the 
number of broken chains by inference, the degree o f  metallic 
tend to increase. The resultant effect o f  this is the 
occurrence o f  a more m etallic behaviour.
Thus, one can infer from the above observations that the 
!»*ructure o f Se at any instance consists o f  regions o f metallic 
sem iconducting b onds. T h is is ev id en t from the 3- 
^•mensional pictures obtained from the resulting configuration 
At low temperatures, sem iconducting regions are more 
dominant and are responsible for the SC properties. With
predominate and thus Se becom es metallic. The whole process 
is quite gradual however, and this makes it difficult within the 
present fram ework to a sso c ia te  any particular physical 
characteristic with the critical point for Se.
4. Conclusions
A reverse Monte Carlo mtxiclling o f  the structure o f low density 
se len iu m  sp ann in g  tem peratures in the region  o f  the 
sem iconductor to metal transition, has been su ccessfu lly  
performed. We have shown that the structure factors obtained 
from our simulation are in very good agreement with the 
experiment over the w hole temperature range. From this, we 
expect that our three-dimensional picture o f  Se should give an 
accurate description o f  the real liquid.
934 0  Akinlade
Arising from an analysis o f  the atomic configuration, used 
to determine the structure, we have been able to show that low  
density Se does not expand uniformly but rather, as a result o f  a 
ch an ge in the coord in a tion  num ber around each atom . 
Furthermore, with an increase in temperature, there is a decrease 
in the fraction o f  2*fold coordinated atoms and this is indicative 
o f  a shortening o f the chain that makes up the structure o f  Se 
as temperature increases. However, our m odelling indicates 
that the chain-like structure persists even in the metallic state. 
FVom a study o f  the bond angles, we are able to deduce that the 
tran sition  from  a sem ico n d u ctin g  to a m eta llic  state is 
accom panied by som e degree o f  structural change.
We c o n c lu d e  by sp e c u la t in g  that w ith  in cr ea sin g  
temperature, the density fluctuations close to the SC-M transition 
induce a shortening o f  the chains in Se. When the region 
c o n s is t in g  o f  the ch a in s p erco la tes  over the flu id , the 
sem iconducting fluid becom es metallic.
From our RMC calculations, we conclude that the transition 
from a sem iconducting to a m etallic behaviour in Se is a 
continuous process without any discontinuity.
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